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Abstract 
Human surrogates are representations of living human structures employed to replicate “real 
life” injurious scenarios in artificial environments. They are used primarily to evaluate 
personal protective equipment (PPE) or integrated safety systems (e.g. seatbelts) in a wide 
range of industry sectors (e.g. automotive, military, security service and sports equipment). 
Surrogates are commonly considered in five major categories relative to their form and 
functionality: human volunteers, post mortem human surrogates, animal surrogates, 
anthropomorphic test devices and computational models. Each surrogate has its relative 
merits. Surrogates have been extensively employed in scenarios concerning “life threatening” 
impacts (e.g. penetrating bullets or automotive accidents). However, more frequently 
occurring non-lethal injuries (e.g. fractures, tears, lacerations, contusions) often result in full 
or partial debilitation in contexts where optimal human performance is crucial (e.g. military, 
sports). Detailed study of these injuries requires human surrogates with superior biofidelity to 
those currently available if PPE designs are to improve. The opportunities afforded by new 
technologies, materials, instrumentation and processing capabilities should be exploited to 
develop a new generation of more sophisticated human surrogates. This paper presents a 
review of the current state of the art in human surrogate construction, highlighting 
weaknesses and opportunities, to promote research into improved surrogates for PPE 
development. 
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I. INTRODUCTION 
In the field of injury biomechanics, the primary goals are concerned with replicating “real life” 
injurious scenarios in a laboratory environment through an understanding of the mechanisms 
of injury, characterisation of human response to loading conditions and development of 
protective methods to prevent injury occurrence or limit severity1. 
Human surrogates attempt to provide an artificial representation of a living human and thus 
offer a means of achieving the above stated goals. For any surrogate the ultimate aim is 
‘biofidelity’, which is the term used to describe the exactness with which a given surrogate 
approximates the behaviour of a human when subjected to comparable loading condition2. 
There are several industries that utilise surrogate to improve their understanding of human 
behaviour and response to different environmental conditions. Human surrogates arguably 
have the most widespread usage within the automotive industry. Approximately 40,000 
people suffer fatal injuries in the United States (US) each year as a result of automotive 
crashes. This is also a serious issue in the European Union (EU); in 2001 there were 
approximately 40,000 deaths and 1.6 million casualties as a result of road traffic accidents.  
Human surrogates are essential in research and development of vehicle safety measures 
ensuring the safety of vehicle occupants and pedestrians3,4. They are generally utilised in two 
methodologies: dynamic impact testing and determination of human factors for restraint 
systems (e.g. compliant steering wheels, force limiting seatbelts and more efficient airbags) 
and evaluation of vehicle interiors. 
Surrogates are further utilised to consider pedestrian impacts; in the European Union over 
7000 pedestrians and 2000 cyclists are killed every year in road accidents4. Vehicle 
manufacturers use surrogates to determine human impact response and attempt to reduce the 
risk of injury through intervening measures such as adaptation of car bumpers. 
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The application of human surrogates in the medical industry has become significantly more 
widespread in recent years. The most prevalent usage of surrogates in the medical industry is 
through simulation of orthopaedic surgical procedures such as joint replacements or 
osteotomies5-8. Vast arrays of models of human anatomy are also used in training medical 
personnel in a wide variety of invasive and non-invasive medical procedures. Medical 
training models range from the crude to the very sophisticated depending on the nature of the 
task and risk involved.   
The military use surrogates to assess the effectiveness of PPE in vitro. Owing to the nature of 
the armed conflict, debilitating and often fatal injuries are a common occurrence. In the 
recent conflicts in Iraq and Afghanistan, the improvised explosive device (IED) has been the 
most prevalently used weapon9,10, over 44% of all U.S. military hostile casualties and 
wounded were attributed to a weaponry explosive device11. Hence the primary areas of 
concern for military research are typically from Anti-Personnel (AP) landmines and 
penetrating bullet impacts9-13. Human surrogates aim to provide a basis for understanding the 
mechanisms of critical military injuries and serve as an aid for testing PPE under extreme 
loading conditions. 
Human surrogates are also used in the sports PPE and garments domain. PPE is a requirement 
in many contact sports with the obvious primary goal being the safety of the athlete. PPE is 
usually designed to prevent impact injuries and typically performs one or more of the 
following functions: impact energy attenuation; acceleration management; load distribution; 
force limitation; and even measurement and registration of impacts14. However, with 
performance margins becoming ever smaller there is an increasing desire to gain a 
competitive edge. In an ideal scenario all PPE should enable optimal performance whilst 
preventing impact injury, since these aspirations may be conflicting a trade-off is required to 
engineer products with due consideration to both safety and performance of the user.   
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The primary application of surrogates within the sporting domain is for injury phenomena 
testing especially those concerned with impacts. Surrogates are being increasingly used to 
represent a human during PPE testing to understand the forces transmitted through the PPE 
and experienced by the surrogate.   
However there are further issues pertaining to the comfort and fit of the PPE on the user for 
which a surrogate has applicability14. The relative position of the garment with respect to the 
contours of the human anatomy is an aspect that needs to be considered to obtain a 
comfortable fit. This shape and fit must be maintained throughout motion and when the 
garment is flexed, remaining proximal to the user providing a high level of protection and 
comfort. Other comfort and fit performance criteria relate to issues such as moisture and 
thermal management as these factors are performance inhibitors in certain sporting 
contexts15,16. 
Surrogates have differing requirements between industrial applications. In sports, permanent 
absence from competition is the critical severity measure; professional athletes receive 
substantial sums of money to perform on a regular basis, and therefore absence bears a 
significant financial burden for their employers. 
Typically most conventional surrogates are concerned with very serious or life threatening 
injuries such as penetrating bullet impacts or vehicle impacts. In sports, injuries such as 
lacerations, contusions, and fractures are more prevalent, debilitating and so serious concerns.  
A set of important criteria are proposed for sports impact surrogates. These are not absolute 
requirements, sports surrogates need to address several design issues to a degree necessary to 
evaluate PPE performance and injury realistically when considering pertinent injurious 
sporting impacts. 
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- Biofidelic exterior human geometries, to ensure that PPE is attached and aligned 
correctly before impact. 
- Biofidelic inertial properties, ensuring that the surrogate recoils in an accurate manner 
on impact. 
- Tissue structure biofidelity, the surrogate needs to represent the key human structural 
elements so specific injury outcomes can be explored. 
- Tissue impact response biofidelity, the structures should have comparable strength 
and stiffness properties to approximate human behaviour on impact. 
- Instrumentation capabilities, to provide accurate feedback mechanisms to correlate the 
impact parameters to specific injury outcomes. 
- Durable, capable of providing consistent results from repeated impacts. 
The above stated issues must be considered relative to specific sporting scenarios. Surrogates 
more tailored to the prevalent injury methods present the opportunity to provide a better, 
more sensitive description of the injury event and PPE effectiveness.    
Common sports impacts occurring to regions of the body where the opposition player wears 
PPE have been recorded using data from academic sources. The impact parameters listed in 
Table 1 provide an estimation of the conditions experienced by players when involved in the 
activity. The momentum and impact energy parameters provide an indication of the impact 
intensity which can be used to make relative comparisons between impacts in different sports. 
Safety standards provide set criteria on how PPE must perform under prescribed test 
conditions, providing a baseline for comparisons between designs.  The test conditions of 
associated standards have been listed in table 2 in the same format as the actual ‘in play’ 
impact parameters
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Table 1 - Estimations of the Conditions Experienced in 'In Play' Sport Impacts 
Scenario Description Actual Impacts 
Effective Impactor 
Mass (kg) Impact Velocity (ms
-1) 
Estimation of 
Maximum ‘In Play’ 
Momentum (kg.ms-1) 
Estimation of 
Maximum ‘In Play’ 
Impact Energy (J) 
Rugby Shoulder 
Tackle 
Frontal impact from the shoulder of the tackling 
player into the frontal thigh region of the 
opposition ball carrier.  
100-230 (1- 2.3*Body 
Weight, assuming 
100kg player)17-19 
3, tackler, 7.5, ball 
carrier (estimated from 
video data)20 
2.42x103 1.27x104 
American 
Football Tackle 
Frontal impact involving upper body regions of 
tackler and opposition. 
123-182(1.23-1.82* 
Body Weight, 
assuming 100kg 
player)21 
1.72-2.18 3.96x102 4.32x102 
Cricket Ball 
Impact 
Projectile impact from a cricket ball launched at 
high velocities at the batsman. 0.155-0.163 34.6 
22 5.5 95.2 
Field Hockey 
Ball Impact 
Projectile impact from a field hockey ball 
launched at high velocities at the opposition 
player. 
0.155-0.163 40 23 6.4 1.28x102 
Football Stud to 
Shin Impact 
Frontal impact from the studs of the tackler to 
the frontal shin region of the ball carrier from a 
sliding tackle. 
4.58 (foot and lower 
leg)24 1.2-2.5 
25 11.5 14.3 
Football Shin 
on Shin Impact 
Horizontal impact between the frontal surfaces 
on the shin region of both the tackler and ball 
carrier resulting from a swinging leg contact. 
4.58 (foot and lower 
leg)24 16 
26 73.3 5.86x102 
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Table 2 - Test Conditions Prescribed in Safety Standards 
Garment Description Test Conditions 
Effective 
Impactor 
Mass (kg) 
Impact 
Velocity 
(ms-1) 
Maximum Estimation of Momentum Maximum Estimation of Impact Energy 
kg.ms-1 
% Difference 
from ‘in play’ 
estimate 
J 
% Difference 
from ‘in play’ 
estimate 
Football Shin 
Guards (Stud 
Impact) 
BS EN 13061:2009 “Protective clothing – Shin guards for 
association football players – Requirements and test 
methods” 27 
1.0±0.01 5.4±0.2 5.4 -53.0 14.6 +2.1 
Football Shin 
Guards (Blunt 
Impact) 
BS EN 13061:2009 “Protective clothing – Shin guards for 
association football players – Requirements and test 
methods” 27 
1.0±0.005 2±0.05 2.0 -97.3 2.0 -99.7 
Cricket Leg 
Protectors  
BS 6183-3:2000 “Protective equipment for cricketers – 
Part 3: Leg protectors for batsmen, wicket keepers and 
fielders, and thigh, arm and chest protectors for batsmen” 
28 
2.5±0.1 2-5.66 14.2 +157.2 40 -58.0 
Field Hockey 
Chest Protector 
BS EN 13546:2000 “Protective clothing – Hand, arm, 
chest. Abdomen, leg, foot and genital protectors for field 
hockey goal keepers and shin protectors for field players – 
Requirements and test methods” 29 
2.5±0.1 2-6.32 15.8 +146.9 50 -60.9 
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Impact surrogates used in sports PPE test standards typically embody poor approximations of 
human tissue structures. In many instances both the striking element and target component 
(anvil) used in standards can be considered as human surrogates and as such should aim to 
represent the mass, shape and stiffness of the relevant human tissue.  
The surrogate anvils used in the test standards commonly use simple geometric shapes with 
approximate outer surface curvatures relevant to the specific human body segment; they are 
typically constructed from steel and are rigidly attached to a massive concrete base. This 
provides a poor representation of the structures in the human body; the differences in the 
anvil will affect the manner in which the surrogate responds to impact, there are also fixed 
constraints on the anvil, which prevent the surrogate recoiling in a manner similar to that 
experienced in the body. 
The velocities that the tests are conducted at are also unrepresentative of those estimated in 
play, particularly when considering sports where projectile impacts are prevalent. In these 
sports scenarios PPE is tested at velocities significantly below those actually experienced, 
which leads to poor consideration of the impact intensities. 
The discrepancies between the strikers, anvils and ‘in play’ performance replication 
characteristics mean that the conditions that the PPE is being tested at differ greatly from 
actual in play impact intensities. The development of superior impact surrogates that are more 
representative of human structures, which can be tested in more characteristic environments 
under more closely matching impact conditions will provide a better and more thorough 
evaluation of PPE suitability. 
The purpose of this paper is to review the design of human surrogates in injury prevention 
and PPE evaluation. Methodologies previously used to represent human impact behaviour are 
discussed and their relative merits evaluated with reference to the requirements for more 
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sophisticated surrogates in relevant applications. Potential future developments in each of the 
respective surrogate modelling fields are discussed and recommendations for the direction of 
associated research in the injury biomechanics domain given. 
II. APPLICATIONS OF SURROGATES IN INJURY BIOMECHANICS 
Five different types of surrogate are typically used in injury biomechanics research. They can 
be broadly categorised into two groups: organic surrogates (human volunteers, post mortem 
human subjects, and animal surrogates) and artificial surrogates (synthetic (physical) 
surrogates and computational (virtual) surrogates). 
A. Organic Surrogates 
1. Human Volunteers 
Human volunteers as representative samples of a target demographic group present a key 
testing resource in impact biomechanics research. Studies utilising surrogates of this type 
have been conducted for many years to determine in vivo human injury response; one of the 
first human volunteer studies published was in 1954 by John Stapp, in which military 
personnel were tested through rapid decelerations from a rocket sled to simulate an aircraft 
crash.   
The primary advantage of using volunteers is that they allow researchers to consider the in 
vivo response of a living human without having to make assumptions about or 
approximations of the internal structural tissue composition and physiology. Studies 
generally involve determining injury epidemiology from vehicle crash occupants or from 
laboratory based experiments; however both of these approaches have severe practical 
limitations30. 
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Laboratory test experiments must be performed at non-injurious levels of exposure, below the 
pain threshold in compliance with the Nuremburg Code of 1947 and the Helsinki Declaration 
of 1964 revised in World Medical Association (2008)31, which provides ethical guidelines for 
human experimentation. In addition proposed testing protocols must be reviewed by an 
international review board to determine whether it meets all legal and ethical standards2,32. 
This severely limits the nature of testing that can take place and makes the testing more 
complex and expensive to perform. 
Further practical limitations include the lack of direct measurements that can be taken as most 
instrumentation must be non-invasive to comply with ethical guidelines. Consequently 
internal loads must generally be inferred from measured external parameters rather than 
directly measured2. There is also decreased control and repeatability in testing humans as 
they are greatly inhomogeneous and as such there is considerable variability in and between 
trials. This leads to a difficulty in determining accurate relations between external loading 
parameters and specific injury mechanisms or phenomena. Similarly, there are issues in 
deriving relationships from different impact conditions (e.g. studies testing with low impact 
loads cannot be used to describe human response when subject to injurious loads). 
Nevertheless laboratory testing has been instrumental in understanding the physiological 
human impact response, specifically through considerations such as muscle tonicity and 
activation levels that cannot be considered accurately on other surrogates.  
Epidemiological studies of crash occupants are also inherently inaccurate; retrospective 
studies make it impossible to control the setting or collect sufficiently detailed information 
about the crash loading environment30. The lack of knowledge of the loading environment 
generally limits the utility of these studies as it is extremely difficult to define relationships 
with injury mechanisms. 
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There is a large body of literature from tests conducted on human volunteers that has 
provided invaluable information about human response. However, it can be argued that 
human volunteers cannot be described as a surrogate in the field of injury biomechanics as 
they provide an exact representation of the target body, and hence are not providing an 
approximation of living humans. There is an overlap between the humans and artificial 
surrogates whereby much of the information required for the development of artificial 
surrogates is facilitated through testing of human volunteers, which has been noted in 
subsequent sections. This is well exemplified by Hyrsomallis et al.33 who conducted a series 
of drop tests using geometries representative of a cricket ball from various heights onto 
instrumented human volunteers. The data was used in the validation of a synthetic model.   
A representative sample of human volunteers that could be tested to injurious levels and 
invasively measured would present the ultimate testing medium for sports PPE. However the 
severe constraints and extensive legislation that must be adhered to limit the nature of testing 
that can be performed and hence the usefulness of the surrogate type. 
In a sports domain, human volunteers have their greatest utility through real play 
performance replication scenarios to determine the conditions experienced by the impacted 
body in an injury scenario. For example, Halkon et al.21 studied the peak forces in a shoulder 
on thigh tackle when an American Football player strikes a tackle bag. 
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2. Post Mortem Human Subjects 
Post mortem human subjects (PMHS) also known as cadavers were first introduced in the 
field of injury biomechanics in the 19th century34,35 and have since been widely used to 
characterise human impact responses2. 
PMHS can be tested through a variety of different methods. However, in general whole body 
tests are conducted through an impact sled test, whilst local tests are conducted using a linear 
impactor, pendulum or falling weight32. Body regions are instrumented to provide both a 
direct (tissue damage) and indirect measure of impact force and injury prediction. 
Accelerometers are generally attached directly to the bone, and the surface usually contacted 
by these regions is frequently backed by load cells to measure the impact force. Pressure 
transducers are sometimes used in re-pressurised blood vessels and markers are used to track 
body segments with high speed video32. However the predominant means of injury evaluation 
is through autopsy based procedures to assess visible damage to tissues, which requires 
trained medical staff to determine the extent of injuries36,37. 
     
Figure 1 – Autopsy of an Instrumented PMHS Lower Leg (Photos courtesy of Allen-Vanguard 
Corporation, testing conducted through the US LEAP program)38 
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The key strength of PMHS is that they are exact geometrical and anatomical representations 
of the human tissue structures being tested39,40; there is currently no artificial substitute that 
can model the complexities of the human anatomy as accurately32,37,41. This makes them 
extremely useful in determining the extent of tissue damage under injurious impacts. 
Despite this a key disadvantage associated with the use of PMHS concerns the lack of 
physiological response. The surrogates do not possess any cardiovascular activity and hence 
tissues remain unpressurised. There is also no neurological activity which causes an absence 
of reflexive response, which greatly affects their behavioural response and thus diminishes 
biofidelity2,36,42,43. Although PMHS contain a great deal of tissue complexities, the structures 
are flaccid and do not represent the tonicity of living human tissues. 
PMHS are biological structures and hence there is a limited time period before decomposition 
processes such as autolysis and rigor mortis occur, which dramatically changes their 
mechanical properties44; Van Ee et al.45 noted that failure stresses significantly decreased 
following decomposition. After these processes have occurred PMHS are essentially atonal 
and unable to simulate resting muscle tone and contraction of living humans2. This is 
essential feature when testing in many industries, for example, it has been determined that 
more than 50% of occupants in frontal crashes engage in bracing behaviour46,47. The manner 
in which these post mortem changes affect responses is not fully understood and 
consequently data from human volunteers is often used to provide more accurate 
representations of human responses48. 
Several different techniques have been used to preserve cadavers and extend their useful 
condition.  Embalmed PHMS were used extensively as a means of preserving specimens; 
however, the process has been largely abandoned due to the artificially inaccurate tissue 
properties generated such as excessive tissue rigidity, limited joint ranges of motion, and 
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modified ultimate strength of embalmed tissue44,49. Similarly freezing PMHS specimens has 
been shown to increase their useful life; however, additional facilities are required for the 
process, which makes it more complex and expensive. In addition, undesirable damage is 
caused to the tissue structure during the freezing and thawing process, which has been shown 
to decrease the failure strengths of the tissue50-52. Researchers have also attempted to restore 
some physiological function of the body through processes such as pressurising the 
cardiovascular systems or electrically stimulating muscles; however, these must be performed 
in the limited time scale before post mortem changes occur53. 
Preserving a PMHS is difficult and often detrimental to the properties of the tissue and thus to 
most effectively use PMHS they should be tested shortly after death of the subject. This 
introduces further issues regarding the availability of PMHS specimens, as test studies often 
require numerous specimens, which can be considered to be practically unobtainable without 
preserving the PMHS in some manner. Generally, for studies in the field of injury 
biomechanics, comparable PMHS are required, however variations in age, gender, and 
anthropometry make this an increasingly difficult if not impossible task.   
Due to ethical and social acceptance issues there are often difficulties associated with 
obtaining PMHS specimens32,43,54,55, and the age of available specimens is generally biased 
towards the elderly population. In injury biomechanics research, PMHS below the age of 70 
are generally required32; the ‘Association of Anatomy Chairmen’ ethical guidelines stipulate 
that the age range of the subjects must be between 19-70 years. This frequently leads to a 
wide variation in the anthropometric and mechanical properties of the specimens; for 
example, cortical bone strength and has been shown to decreases significantly with age, 
which makes specimens significantly more susceptible to fracture56,57. Furthermore younger 
PMHS are generally required for females because of the potential changes in bone mineral 
density and strength of the skeleton after the menopause32,37. Consequently, it is unlikely that 
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the age and medical history of the PMHS used in experimental studies would be 
representative of an athletic population, and an elite athletic population in particular2,32,43,58. 
Limitations in the availability of representative PMHS dictate that specimens are often 
impacted multiple times; however the PMHS become damaged through testing and injury 
tolerances and response corridors consequently vary between trials2,44. 
PMHS are treated as a level 2 biohazard and therefore require specialised facilities, protocol 
and personnel when handling human tissue, which add both cost and complexity to the 
experiments36,37,44,54,59. Furthermore there is a high cost in bio-contamination safeguards 
required for the handling and disposal of human biological material43. For example, Shaw et 
al.48 required approval from their organisations ‘Human Use Review Panel’ (HURP) and all 
personnel involved in PMHS were required to  read and sign ‘Ethical Treatment of Human 
Surrogate Forms’; furthermore, screening of blood for Hepatitis A, B, C, and HIV was 
conducted on each PMHS prior to acceptance into the research program. In general, host 
nations legislation will constrain organisations or individuals acceptable use and treatment of 
PMHS, for example, in the UK, the Human Tissue Act 2004 (c. 30)60 would apply and a 
licence would be required adding further delay and cost to any such research.   
Nevertheless, PMHS continue to make an important contribution to our understanding of 
human injury response. The data collected from PMHS is often used to validate artificial 
surrogates and determine the injury response criteria. For example, tests have been performed 
on PMHS lower leg specimens to provide validation data for both synthetic and numerical 
models61,62. Kajzer et al.63,64 performed a series of tests on PMHS to study the response of the 
knee in lateral dynamic shear and lateral dynamic bending (Fig. 2), which has since been 
used as a critical piece of human response literature from which to validate artificial 
surrogates. 
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Figure 2 - Lateral Dynamic Shear Testing Configuration "Reproduced by permission of The Stapp 
Association."64 
Heald & Pass65 considered the fracture velocities and severity index of cadaver head 
specimens when impacted with high strain rate projectiles from different ball sports. This 
research has been used to better inform the risk of sustaining injury and the effectiveness of 
synthetic surrogates as predictors.     
When assessing the applicability of PMHS for use in sports injury assessment, their key 
advantage is that they contain all of the complex interacting structures present in the human 
body. They also provide a good description of material properties, geometries and inertial 
properties, although post mortem structural changes (e.g. lack of muscle tonicity and 
reflexive response) lower the biofidelity of these desirable properties. However, a key 
limitation is that that the tissue properties alter after impact, which makes them impractical 
and unreliable as a multi-use surrogate. Another major limitation behind the use of PMHS in 
a sporting context is the difficulty in embedding instrumentation, which will artificially 
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change tissue response characteristics. Also issues regarding availability, ethical and 
institutional protocols make PMHS unfeasible for long term, multiple use testing. 
The greatest utility of PMHS in sports injury assessments are related to testing of injurious 
impacts where a single damaging impact will be conducted. They are useful in limited 
passive applications where the lack of tonicity is either preferable or acceptable; however 
they would only be beneficial in sports applications in these contexts if restrictions for use 
permit and these restrictions don’t make testing impractical. For example, determination of 
the fracture thresholds for high strain rate loading of the cranial bones from a cricket ball 
impact. When considering a single impact test, they currently present the only ethically 
acceptable and feasible way to get structural definition at this level of detail. 
3. Animal Surrogates 
Animals have been extensively used in injury biomechanics research for many decades; their 
use continues to the present day. 
The primary advantage of animal surrogates is that they provide the closest living 
approximation to humans. Given the ethical issues associated with inducing injury in humans, 
anaesthetised animals present the only source for obtaining behavioural information for a 
single body region permitting the ability to follow the pathophysiologic response data 
following an injury2,32. 
Animal cadaver surrogates are also used in certain applications where it would be grossly 
unethical to use living animals (e.g. blast surrogates for AP landmines). Animals with 
comparable human structures (e.g. primates) are difficult to use due to ethical concerns, 
therefore animal cadavers from domesticated animals commercially farmed and killed for 
food represent a less complex and expensive alternative. However, as with PMHS, the issues 
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with animal cadaver surrogates are primarily concerned with the absence of physiological 
response present with live animals43. Testing using animal cadavers can however be 
employed to determine relationships between the behaviour of PMHS and living humans, as 
comparisons can be made between the differences present between living and dead 
animals40,66. 
Few animals have bone structures that are comparable in size and geometry to that of 
humans43.  Rats, primates, rabbits and pigs are most commonly used for specific body parts; 
however, they all have obvious anatomical and physiological differences with human subjects 
that lead to inaccuracies in data interpretation. For example, considering the limbs used for 
locomotion, most animals used in injury biomechanics research are quadrupeds that walk on 
their toes whilst humans are upright bipeds, which inevitably affect their load distributions 
and measures the species has undertaken to accommodate movement (e.g. the calcaneus bone 
does not have to withstand axial loading57). This affects factors such as stride lengths, joint 
angles and torques from which erroneous assumptions can be made67. The data is often scaled 
so that it can be applied to humans due to differences in anatomy and level of tolerance 
between animals and humans; however this conveys its own associated inaccuracies32. 
The great apes represent the most anatomically and physiologically similar species to humans 
due to their similar skeletal components and arrangement of internal organs68. However, due 
to the highly developed cognitive and behavioural characteristics present in great apes, 
ethical concerns have led to restrictions and bans in a large number of European countries2. 
There are strict ethical guidelines and legislation governing testing of animals in the most 
developed countries. For example, in the US testing is governed by the ‘Laboratory Animal 
Welfare Act of 1966 (P.L. 89-544)’69; in the UK, testing is governed by The Animal Welfare 
Act 2006 (c 45)’ 70. In addition, institutions performing experiments must create an 
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‘Institutional Animal Care and Use’ committee to ensure conformance to the act2,32,44.  
Adherence to the legislation and guidelines results in a significant financial burden which 
makes testing unfeasible for many organisations. 
Further issues arise from the general public who take particular exception to animal testing; 
animal rights groups heavily scrutinise experimental testing and have succeeded in 
encouraging many institutions to have formal policies to eliminate animal testing2,32. 
When considering animal surrogates as an appropriate sports impact surrogate, one of the key 
considerations is that the exterior geometries are unrepresentative of human structures and 
typically provide a poor approximation of inertial parameters. Notable exceptions, such as 
primates, that are anatomically similar to humans have severe ethical restrictions limiting 
their use. 
It can be assumed to a limited degree of accuracy that humans are biologically similar to 
other mammals and as such behave in a similar manner on impact. Even so, there are few 
clinical invasive instrumentation opportunities and as such methods of determining response 
are difficult to employ. Animals are also inherently impractical as multi-use surrogates due to 
their biological tissue structures which change in mechanical properties following impact. 
The greatest utility of animal surrogates in sports injury evaluation is through the ability to 
follow the physiological progression of injuries. Using anaesthetised animals it is possible to 
determine injurious thresholds of tissues under less severe ethical and logistical constraints 
than other organic surrogates. 
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B. Artificial Surrogates 
1. Synthetic Human Surrogates 
Anthropomorphic Test Devices (ATDs) are artificial test surrogates which aim to 
approximate human response characteristics on impact61,71. They present a feasible 
alternative to organic surrogates which inherently have many ethical and logistical limitations 
and offer a means of studying human impact response without physically harming a 
participant (or animal)12.   
Physical human tissue structures are orders of magnitude more complex than anything that 
can be currently manufactured, and the implication is that a synthetic surrogate cannot be 
used to accurately replicate injuries to soft tissues including muscular, nervous and vascular 
systems. However, ATDs do present a means of providing controlled, repeatable testing of 
PPE and injury phenomena as the geometric and material parameters of synthetic tissue can 
be fixed within pre-established limits which eliminate issues associated with inter-individual 
differences in size, bone strength, and density present between organic surrogates36,43. 
Current ATDs have absolute constraints with respect to the size, shape and inertial properties 
which must be embodied to provide an acceptable approximation of a living human. The 
main design goal required from synthetic surrogates is repeatability; the ability of the 
surrogate to reproduce comparable results for each test with the same loading conditions is 
important to ensure that the surrogate provides a standardised response and means of 
comparison between trials. Sensitivity is also a key goal; this refers to the ability of the 
surrogate to produce different results if the specific injury producing stimulus is changed36. 
The major challenges associated with biofidelic synthetic modelling inherently concern the 
complexity of the human body. Human tissue materials characterisation is a key issue, as 
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human tissues are inhomogeneous and have strain rate dependant properties. Determining an 
appropriate human tissue material simulant is inevitably a costly endeavour particularly in the 
early stages of development requiring low volume production runs and one-off tooling costs. 
An important aspect of any synthetic surrogate is that it exhibits biofidelity. Currently, ATDs 
must be validated against organic surrogates particularly PMHS to determine their   
biofidelity32. Force-time curves and deflection-time curves are commonly taken from PMHS 
and recorded and averaged from different specimens. At each instant the mean ± 1 standard 
deviation is considered as the human response corridor. It is important that the ATDs mimic 
PMHS responses in order to accurately predict injury criteria and the likelihood of occurrence; 
parameters such as acceleration and impulse are generally correlated with injury and     
trauma37,61.   
One of the key disadvantages associated with the use of ATDs is the lack of accuracy and 
detail of representative tissues due to the oversimplification of mechanical tissue substitutes. 
The human tissue simulant typically does not exactly mimic human structures and will 
respond to stress consistently and repeatedly instead of biologically (i.e. non-uniformly and 
inconsistently) like living organisms72. In addition, current surrogates do not allow for 
physiological assessment, including certain aspects of nerve and vascular damage, which are 
important for determining human impact response and injury severity37. Furthermore 
synthetic surrogates have been generally shown to be a poor representation of human 
structures when subject to high strain rate impacts13. 
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It is suggested that there are four critical elements integral to facilitating the development of 
synthetic surrogates:  
a) Size, shape and structure 
b) Material property determination and simulant approximation 
c) Manufacturing techniques 
d) Instrumentation and evaluation 
In general, ATDs can be divided into two groups: mechanical and frangible surrogates. For 
both surrogate types, each of the elements has been individually evaluated relative to the 
existing state of the art in the field. 
1.1. Mechanical Surrogates 
Mechanical surrogates are multi-use testing devices that give repeatable mechanical 
responses and can measure physical parameters, such as force and acceleration that can 
ultimately be linked to injury predictions61. They aim to exhibit internal biofidelity in the 
form of comparable deformations, accelerations and articulations, as well as external 
biofidelity in similar interactions with the surrounding environment2. 
Mechanical surrogates are most commonly used within the automotive industry where they 
have traditionally been used to evaluate restraint system performance32,73. There are many 
ATDs that have been developed for the industry including but not limited to: Euro Side 
Impact Dummy (EuroSID)74, World Side Impact Dummy (WorldSID)75, and Test device for 
Human Occupant Restraint (THOR)76 surrogates, however the Hybrid III77 series (Fig. 3) are 
the most widely used mechanical ATDs and as such act as an industry standard71,77. 
Many researchers also develop bespoke synthetic surrogates for specific research domains. 
The surrogates are typically highly specialised and reflect the focussed needs of their field. 
An example of this is a bespoke thigh surrogate developed by Hrysomallis33 for cricket thigh 
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guards. Data was recorded from drop tests on human volunteers and PMHS thigh segments to 
determine human injury response limits. This data was then used to validate a physical 
mechanical surrogate, which was used to determine the protection afforded by thigh guards 
when impacted by a drop tester. 
 
Figure 3 - Hybrid III 50th Percentile Frontal Impact Dummy78 
a) Size, shape and structure 
Two critical characteristics are widely considered to be essential in the development of 
mechanical surrogates, mass and size, with which basic human impact response can be 
determined; additionally mechanical surrogates aim to embody the articulations, inertial 
properties and structural response of living human structures13,37,79.   
Manufacturers of surrogates have typically considered the 50th percentile US male 
anthropometric data as a standardised dataset for the development of their models76,77,80. The 
values for a selection of human body segments have been recorded from anthropometric 
datasets. The 50th percentile US male values have been stated as absolute whilst values for 
other demographic groups have been given as a percentage difference relative to this 
reference dataset to the potential error in using the US 50th percentile male surrogates to 
represent alternate demographic groups. The UK and Chinese populations were selected as 
representative populations of sporting goods consumers for Europe and Asia respectively. 
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Table 3 - Anthropometric data displaying a subset of human body measurements for different demographic groups relative to the 50th percentile US male dataset. 
 Relative Values (% Difference from US 50th Percentile Male) 
USA UK China 
Adult Male Adult Female Adult Male 
Adult 
Female 
Adolescent 
Male (12-
17 Years 
Old) 
Adult Male 
(18-45 
Years Old) 
Adult Female 
(18-45 Years 
Old) 
 Description 50th 5th 95th 50th 50th 50th 50th 50th 50th 
Stature  Vertical measure 
from floor to top 
of head. 
1755mm 81 -6.6% 81 +6.6% 81 -7.4% 81 ~0% 82 -7.7% 82 -6.6% 81 -3.7% 83 -11.5% 83 
Head 
Circumference  
Maximum 
circumference of 
the head. 
577mm 82 -4.9% 82 +4.6% 82 -4.7% 82 -0.01% 82 -5.1% 82 - -2.1% 83 -4.7% 83 
Sitting 
Shoulder 
Height 
Vertical seated 
measure from 
acromion to seat 
surface. 
611mm 82 -8.5% 82 +8.7% 82 -5.9% 82 ~0% 82 -6.2% 82 -11.5% 81 -3.6% 83 -10.6% 83 
Arm Length  Horizontal 
measure from the 
acromion to 
fingertip with arm 
outstretched 
796mm 82 -7.4% 82 +7.5% 82 -9.8% 82 ~0% 82 -9.0% 82 -6.9% 81 -7.7% 83 -17.1% 83 
Upper Leg 
Length  
Horizontal seated 
measure from the 
posterior buttock 
to back of knee  
523mm 82 -12.2% 82 +11.2% 82 -3.8% 82 -0.02% 82 -5.4% 82 -11.5% 81 -13.6% 83 -16.3% 83 
Lower Leg and 
Foot Length  
Vertical seated 
measure from the 
floor to the top of 
knee  
546mm 82 -8.6% 82 +8.1% 82 -9.2% 82 ~0% 82 -9.0% 82 -4.4% 81 -9.2% 83 -16.48% 83 
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Based on an acceptable error threshold of 5%, surrogate body segments for different 
demographic groups that could be based on a 50th percentile US male surrogate include: 
• UK adult 50th percentile male – all segments 
• Head circumference – all surrogates 
• UK adolescent male - lower leg and foot length 
Whilst it can be assumed that body segments with a percentage error of greater than 10% can 
be considered to be significantly different from the 50th percentile US male dataset, this 
includes: 
• Chinese 50th percentile female – all segments (excl. head) 
• UK adolescent male – sitting shoulder height 
• Upper leg length – Chinese 50th percentile male, UK adolescent male, US 50th and 
95th percentile males. 
Where there is a significant difference, the US 50th percentile male surrogate inadequately 
represents real humans in regards to several important phenomena. When applying a 
surrogate with these dimensions to other demographic groups one of the major problems may 
be associated with the local surface interactions of the PPE relative to the human. The outer 
surface geometries of the human tissue will be different between demographic groups and as 
such the PPE may not be proximal to the skin in all regions. Similar issues may be apparent 
with the alignment of the PPE, if the outer surfaces are not representative with the target 
human tissue, the PPE will move especially when the user is performing movements and 
when it is impacted. This may be a particular issue if the PPE has specific high protection 
zones, for example, the field hockey goalkeeper chest protector has a heart zone where 
additional padding is present to reinforce against sudden blunt force trauma injuries such as 
commotio cordis, if the PPE moves significantly this may potentially expose vulnerable 
regions. 
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It is suggested that a greater range of sizes are required to better represent the demographic 
groups that use surrogates to determine injury phenomena and PPE performance. The 
Chinese female limb segments vary significantly from the US 50th percentile male; this would 
suggest that it would be necessary to develop surrogates specifically to represent this 
demographic group. There are some instances in which different demographic groups have 
body segments with comparable dimensions where a single surrogate would provide a 
suitable approximation of all of the respective groups. For example, a small upper leg 
surrogate may well be acceptable for the Chinese adult male, UK adolescent male and 5th 
percentile US male. 
The information presented is limited and is intended to outline some of the potential issues 
that may be present with generalising a dataset of this type. The measurements given do not 
present all of the relevant detail necessary to make decisions, for example, using the sitting 
shoulder height parameter it could be assumed that a 50th percentile US male torso surrogate 
would be acceptable for both UK and US adult female demographic groups, however the data 
does not show chest circumference values or shape which can be expected to differ greatly 
between male and female populations.
Considering the inertial properties of humans, Table 4 provides a subset of information on the 
inertial characteristics of a human based on information taken from an appropriately sized 
cadaver approximately representative of a 50th percentile US male. Similar to the 
anthropometric data, it should not be assumed that these inertial parameters can be accurately 
extrapolated beyond this population to represent other demographic groups.
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Table 4 – A Subset of Human Body Segmental Inertia Properties [Winter (1990) adapted from Dempster (1955)24] 
Segment Definition 
Segment Mass 
(% of Total 
Mass) 
Centre of Mass (% of Segment Length) Radius of Gyration (% of Segment Length) 
Proximal Distal Centre of Mass Proximal Distal 
Head & Neck C7 T1 and 1st rib/ear 
canal 8.1 100 - 49.5 112.0 - 
Thorax & 
Abdomen 
C7 T1/ L4-L5 vertebra 35.5 63.0 37.0 - - - 
Total Arm Glenohumeral 
joint/ulnar styloid 5.0 53.0 47.0 36.8 64.5 59.6 
Thigh Greater 
trochanter/femoral 
condyles 
10.0 43.3 56.7 32.3 54.0 65.3 
Foot & Leg Femoral 
condyles/medial  
malleolus 
6.1 60.6 39.4 41.6 73.5 57.2 
 
Table 5 – Percentage Differences in Masses of Demographic Groups from 50th Percentile US Male Measurements  
 
 
Relative Values (% Difference from US 50th Percentile Male) 
USA UK China 
Adult Male 
 Adult Female Adult Male Adult Female 
Adolescent Male 
(12-17 Years Old) 
Adult Male 
(18-45 Years 
Old) 
Adult Female 
(18-45 Years 
Old) 
50th 5th 95th 50th 50th 50th 50th 50th 50th 
Mass (kg) 82.182 -33.9%82 +34.0%82 -15.5%82 -2.80%82 -18.8%82 -34.6%81 -28.1%83 -36.7%83 
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Based on the available data  (Table 5), using the inertial parameters of a US 50th percentile 
male instead of a demographic specific dataset results in estimated inertial errors of up to 
36.7% where the motion is solely translational. In sports impact scenarios, however, rotation 
occurs as a resultant motion and the moment of inertia is a relevant consideration, this has 
been estimated based on the differences in total mass and body segment dimension error 
(Eq.1). 
𝐼 =  𝑚𝑖𝑙2  (1) 
𝐼 = 𝑀𝑜𝑚𝑒𝑛𝑡 𝑜𝑓 𝐼𝑛𝑒𝑟𝑡𝑖𝑎 (𝑘𝑔.𝑚2) 
𝑚𝑖 =  𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑒𝑟𝑟𝑜𝑟 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑏𝑜𝑑𝑦 𝑚𝑎𝑠𝑠 
𝑙 = 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑒𝑟𝑟𝑜𝑟 𝑖𝑛 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑙𝑖𝑚𝑏 𝑠𝑒𝑔𝑚𝑒𝑛𝑡 
Table 6 - Percentage Differences in Moment of Inertia from 50th Percentile US Male Parameters 
 USA UK China 
Adult Male Adult Female 
Adult 
Male 
Adult 
Female 
Adolescent 
Male (12-
17 Years 
Old) 
Adult 
Male 
(18-45 
Years 
Old) 
Adult 
Female 
(18-45 
Years 
Old) 
5th 95th 50th 50th 50th 50th 50th 50th 
Head & Neck -40.2% 46.6% -23.3% -2.8% -26.9% - -31.1% -42.5% 
Thorax & Abdomen -44.7% 58.3% -25.2% -2.8% -28.6% -48.8% -33.2% -49.4% 
Total Arm -43.3% 54.9% -31.3% -2.8% -32.8% -43.3% -38.7% -56.5% 
Thigh -49.0% 65.7% -21.8% -2.8% -27.3% -48.8% -46.3% -55.7% 
Foot & Leg -44.8% 56.6% -30.3% -2.8% -32.8% -40.2% -40.7% -55.8% 
The data presented in Table 6 shows significant percentage errors in the moment of inertia for 
most demographic groups, with many segments varying by more than 40%. The Chinese 
female and 95th percentile US male showed the most significant deviations from the 50th 
percentile US male dataset, with the 95th percentile US male thigh segment differing by the 
greatest margin (65.7%) from the 50th percentile US male surrogate. Many elite athletic 
populations will be larger than the 50th percentile dataset and potentially closer to the 95th 
percentile demographic, particularly in sports such as American Football or Rugby. When 
using a 50th percentile US male surrogate to represent a far broader population, the errors in 
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the segmental inertia properties will significantly affect the response of the surrogate on 
impact. 
The differences in tissue compositions between individuals also have the potential to affect 
the inertial properties. Most athletic demographic groups are likely to have higher proportions 
of muscle compared to subcutaneous fat tissue, and a greater bone density. These differences 
are not specifically reflected by the standard inertial properties data, therefore attempting to 
use these parameters beyond the population from which the initial measurements were taken 
incurs in its own associated inaccuracies. 
Using well defined standardised body dimensions provides an accurate means of comparison 
with PMHS data and other synthetic surrogates59. However, the use of a well-established 
dataset has its disadvantages: the anthropometric profiles of humans have changed over the 
past few decades and the previous assumptions made are almost not as representative of the 
current user population as they once were. THOR was developed as a more biofidelic 
alternative to the Hybrid III, and was consequently constructed from more recent 
biomechanical data, which also provided a more accurate range of motion and joint torque 
characteristics, a notable shortcoming of the Hybrid III dummy76,84. 
Sophisticated mechanical surrogates, such as the UK Transport Research Laboratories (TRL) 
pedestrian legform85 have moulded the outer geometries of a volunteer human leg with 
representative anthropometric data using moulding agents such as Alginate to provide a more 
accurate description of the human external tissue geometries. 
Most mechanical surrogates embody simplify approximations of human structures through 
single or dual artificial tissue constructions with representative outer surface geometries. One 
of the key aims in the development of mechanical surrogates is to match the inertial 
properties of the segment through accurate mass distributions within the structures; however 
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with limited structural tissue complexities only restricted tissue level response data can be 
obtained. 
Internal human structures are typically approximated with simplified geometries. For instance, 
the bone segments of the surrogate are commonly cylindrical tubes or bars, which 
approximate the rough dimensions of the given human structure (e.g. the TRL legform which 
uses straight cylindrical bones using data taken from average cross-sectional values of human 
bone). 
b) Material Property Determination and Simulant Approximation 
Typically, in most mechanical surrogates the requirements for repeatability exceed those for 
biofidelity and hence mechanical surrogates are constructed from very robust, durable 
materials that can be impacted many times under extreme loading conditions without 
affecting their response characteristics2. Particular attention is generally given to the stiffness 
and soft tissue simulant damping properties which have an impact on the load transfer. 
Artificially high mechanical tissue simulant strengths are often desirable to ensure premature 
failure does not occur13,37. There also needs to be a high level of reproducibility between 
surrogates whereby each surrogate must behave in the same manner as the previous one to 
ensure consistency between trials. 
For example, in the Hybrid III dummy durability and repeatability requirements exceed 
biofidelity. Owen et al.86 found that for non-injurious testing the Hybrid III peak axial force 
experienced at the tibia was approximately 1.2-1.6 times higher than measured on a PMHS. 
They suggest this is due to the modulus of elasticity of bone increasing with strain rate raised 
to the power 0.06, hence the velocity of impact influences the force experienced, which is not 
the case for the Hybrid III’s  metal shaft skeletal components61. 
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c) Manufacturing Techniques 
Mechanical ATD’s are generally constructed using a steel skeleton, surrounded by synthetic 
rubber materials to simulate soft tissue. Typically manufacturing methods for mechanical 
surrogates involve the use of a steel or aluminium pipe or bar with appropriate cross section 
and injection moulding a rubber composite around the bone. The Hybrid III ATDs utilise an 
instrumented tibia called the Denton Leg87, which consists of a simple metallic shaft that 
articulates at the knee with a pin joint and at the ankle with a ball and socket joint. 
More sophisticated mechanical surrogates (e.g. the TRL legform or the Flexible Pedestrian 
Legform Impactor, FLEX PLI88) may include additional tissue structures to increase 
biofidelity of the surrogates. The TRL legform skeletal surrogate tissue is an epoxy filled 
glass fibre cylinder, as this material was found to exhibit properties similar to static 
mechanical property values for the strength and stiffness of human bones, demonstrating little 
deflection and creep before fracture occurs. An energy absorbing polyurethane foam material 
was selected as the soft tissue simulant as it had a hardness value of approximately 15A on 
the Shore ‘A’ scale, which was shown to be of comparable hardness to tensed human 
tissue85,89. An outer skin layer was considered with a 3mm thick neoprene layer which 
approximates an average thickness for human skin, which ranges in thickness from 0.5-4mm. 
The TRL legform has been subject to criticism, as have most mechanical surrogates, in that 
the standard engineering materials used cannot provide an accurate representation of the 
viscoelastic properties of the human body. The neoprene skin and polyurethane foam have 
both been criticised for their low biofidelity. Lawrence & Hardy90 suggest that the TRL 
legform does not have a biofidelic mass distribution either due to its construction from steel 
bones and soft tissue flesh89. 
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Most mechanical surrogates use simple mechanical joints such as pin joints or hinge joints, to 
provide a single degree of freedom movement about the joint centre. Some mechanical 
surrogates opt for more complicated joint designs, whereby the ligaments are modelled to 
provide additional accuracy. The TRL legform used straight metal ligaments at the knee joint, 
whilst the FLEX PLI used a multi-segmented body approach with cabled ligament 
representations to provide a better representation of knee flexion when impacted by a 
vehicle88,91,92. 
d) Instrumentation and Evaluation 
Instrumentation is required to measure kinetic and kinematic parameters associated with the 
injury event to quantitatively characterise the phenomena occurring. Previous researchers 
have prioritised measures such as accelerations, forces, moments and displacements. 
Mechanical surrogates generally include instrumentation in the form of load cells, strain 
gauges, accelerometers and displacement transducers. High speed video is often employed 
separately to determine displacements37,43. Many sensors are required to provide full 
characterisation of the interactions occurring at the surrogate during the impact event, Been et 
al.93 suggest that whole-body-response requires head-to-toe transducers with more than 135 
channels of instrumentation; therefore the limb segments are generally isolated for testing to 
reduce expense and time spent through redundant data capture and the risk of damage or 
unnecessary recalibrations of sensors.  It is suggested that the commercial cost of a Hybrid III 
ATD is approximately $35,000 and this cost is more than tripled when the dummy is fully 
instrumented. 
Mechanical surrogates do not visually exhibit any physical signs of injury in response to the 
same loads that would cause visible injury to humans and hence the information obtained 
from instrumentation must be correlated with injury data from organic surrogate studies in 
 Page 36 of 85 
 
order to determine a risk of injury; this is usually expressed as a probability curve rather than 
a definitive threshold as the likelihood of injury is dependent on gender, physical condition 
and other predisposing factors (e.g. previous injuries)2,94.   
The THOR lower leg contains load cell’s in the upper and lower regions of the tibia as well 
as mid-tibia and mid-foot accelerometers, and an ankle angle potentiometer61. However the 
features which increase the biofidelity of the THOR surrogate in relation to the Hybrid III 
also make the ATD more expensive and potentially more vulnerable to failure13. 
When considering the applicability of mechanical synthetic surrogates as tools for sports 
injury evaluation, one of their key advantages is in the ease of usage without ethical or 
logistical issues associated with obtaining specimens as is present in organic surrogates. As 
the surrogates are manufactured from standard engineering materials there is invariably a 
high level of control and reproducibility over the responses of the simulated human tissues, 
which is desirable for sports impact surrogates in providing a consistent standardised medium 
for testing. 
Through effective geometry acquisition and moulding techniques they have the capacity to 
provide a representative degree of exterior geometric accuracy for the interfacing surfaces in 
the impact event. Whilst it is accepted that organic surrogates provide a more accurate 
representation of tissue structures, a good approximation can be achieved with a considered 
choice of human tissue simulant materials and manufacturing techniques. 
Another key advantage of using mechanical surrogates lie in the degree of instrumentation 
that can be embedded without significantly compromising the gross biofidelity of the 
surrogate, which cannot be attained effectively using organic surrogates. 
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A greater consideration is afforded to the durability and repeatability characteristics of 
mechanical surrogates, which make them useful for repeat impact testing, however the 
biofidelity of individual tissue responses is consequently compromised (e.g. bone fracture 
thresholds are artificially increased). The greatest utility of mechanical surrogates in sports 
injury evaluation is through repeat impact testing protocols using a physical medium which 
can be impacted consistently several times before failure. This is particularly valuable in 
fatigue testing of PPE and in general standardisation studies where a consistent physical 
surrogate is required. 
1.2. Frangible Surrogates 
Frangible surrogates are defined as test structures that are designed to sustain permanent 
damage in a manner similar to a human body61. This makes the surrogates single use and 
consequently more expensive per test than mechanical alternatives37,43,54. 
Frangible surrogates represent a somewhat undeveloped research domain and thus relatively 
few have been developed. They have most commonly been used in the military, with specific 
consideration to AP land mine testing. Several axial loading surrogates have been developed 
such as the Red Deer Lower Leg95, Simplified Lower Leg96 and Complex Lower Leg 97. The 
Frangible Surrogate Leg (FSL) 80, in particular represents one of the most complex and 
sophisticated frangible surrogates developed.   
a) Size, shape and structure 
Frangible ATD’s have employed a greater diversity of tissue structures than mechanical 
surrogates. The surrogates are more concerned with specific failure modes for single-use 
injury evaluation; therefore more closely matched human material properties are necessary to 
provide an indication for accurate post mortem evaluation. 
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The shape complexities exhibited in frangible surrogates are typically more refined than in 
mechanical surrogates, with internal structures more intricately considered. Although the 50th 
percentile anthropometries are still often used as a standard measure and means of 
comparison, anthropometric data is often used from volunteer human subjects or anatomical 
human datasets that closely follow the target demographic groups. 
Advances in various imaging techniques (e.g. Magnetic Resonance Imaging (MRI) and 
Computer Tomography (CT)) present the ability to accurately capture the shape of 
anatomical structures. However, use of these techniques is currently expensive and this 
restricts widespread use to enlarge the range of demographic groups represented by available 
surrogates. Nevertheless, sophisticated surrogates such as the FSL have used a combination 
of CT scans of humans and moulds of exterior human tissue profiles to provide the geometric 
data for the surrogate. 
b) Material Property Determination and Simulant Approximation 
 
Frangible surrogates are the design solution when tissue failure biofidelity is the main design 
goal. There is, however, a requirement for high levels of consistency between individual 
surrogates so that comparisons can be legitimately made.   
Material property data is generally determined from sources of published literature. However, 
there is currently insufficient data to accurately characterise human tissue properties, 
especially under dynamic and high strain rate conditions; much of the data available is from 
PMHS or animal surrogates where substantial assumptions are required to draw parallels with 
human behaviour. 
A meta-analysis has been conducted of the mechanical properties from five major tissue 
structures in the human body. Three properties have been extracted to best describe the 
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overall structure and behaviour of the tissues: density, Young’s modulus and ultimate tensile 
strength. 
Table 7 - Density Values of Human Tissues 
 Source Description Density (kg/m3) 
Cortical Bone Yeni et al. 
(1998)98  
In vitro measurements of human femur 
specimens 1.88±0.05x10
3 
Bensamoun et al. 
(2004)99  
In vivo testing of human femur bone 
using ultrasonic techniques 1.49-2.13x10
3 
Trabecular Bone Carter & Hayes 
(1976)100 
In vitro testing of human and bovine 
proximal tibia tissue 0.07-0.97x10
3 
Lotz et al. 
(1990)101  
In vitro testing of fresh specimens of the 
human femoral neck. 0.18-0.95x10
3 
Muscle Ward & Lieber 
(2005)102  
In vitro tissues, 37% formaldehyde-fixed 
(vastus lateralis, psoas major, tibialis 
anterior) 
1.06x103 
Keys & Mendes 
(1960)103  - 1.11x10
3 
Subcutaneous 
Adipose Tissue 
Fidanza et al. 
(1954)104  
In vitro testing of human tissues taken 
directly from surgery 0.92x10
3 
Farvid (2005)105  In vivo testing of human tissues using bioelectrical impedance techniques. 0.92x10
3 
Skin Sarvazyan et al. 
(1998)106  
In vitro testing of human tissue using 
shear wave elasticity imaging  1.10x10
3  
 
Table 8 - Ultimate Tensile Strength Values of Human Tissues 
 Source Description Ultimate Tensile 
Strength (MPa) 
Cortical Bone Burstein et al. 
(1976) 107  
In vitro tensile tests on human tibia and 
femur samples, from PMHS aged 20-29. 140 
Yamada (1970) 
108  
In vitro quasi-static tensile tests on fresh 
unembalmed human femur specimens 
from PMHS aged 20-39 
124±1 
Trabecular Bone Rohlmann et al. 
(1980) 109  
In vitro tensile tests on the human 
proximal femur 6.8±4.8 
Keaveny et al. 
(1994) 110  
In vitro tensile tests on human proximal 
tibia 24±8.3 
Muscle Yamada (1970) 
108  
In vitro tensile tests on human rectus 
abdominus muscle specimens from 
PMHS aged 20-39 
1.07x10-4 
Friden & Lieber 
(1970)111  
In vitro tensile tests on human upper 
extremity muscle specimens  9x10
-3 
Skin Vogel (1987)112  In vitro tensile tests on excised human skin from the sternum 5-32 
Jacquemond et al. 
(2007)113  
In vitro tensile tests on excised forehead 
and arm skin from a 85 year old PMHS 19.5-87.1 
Diridollou et al. 
(2000)114  
In vivo testing of human skin using 
ultrasound and suction techniques 13.5±5x10
-3 
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Table 9 - Young's Modulus Values of Human Tissues 
 Source Description Young’s Modulus 
(GPa) 
Cortical Bone Burstein et al. 
(1976) 107  
In vitro testing of the human femur and 
tibia specimens. 
17±2.2 (tension); 
18.1±0.3 (compression) 
Yamada (1970) 
108  
In vitro quasi-static tensile tests on fresh 
unembalmed human humerus specimens 
from PMHS aged 20-39 
17.2 
Trabecular Bone Carter & Hayes 
(1977) 115  
In vitro testing of the human proximal 
tibia in uniaxial compression 10-500x10
-3 
Ciarelli et al. 
(1986) 116  
In vitro compressive testing of specimens 
of human proximal femur. 49-572x10
-3 
Muscle Zil’bergleit et al. 
(1982) 117 
In vitro cyclic tensile loading of the 
human biceps brachii 0.4±0.1x10
-5 
Friden & Lieber 
(2003) 111  
In vitro tensile tests on human upper 
extremity muscle specimens 28±3x10
-6 
Subcutaneous 
Adipose Tissue 
Van Houten et al. 
(2003) 118 
In vivo magnetic resonance elastography 
of human breast tissue 20.9±3.5x10
-6 
Erdemir et al. 
(2007) 119  
In vivo indentation and ultrasound of the 
human heel pad 49.4x10
-6 
Samani & Plewes 
(2004) 120  
In vitro indentation tests on specimens of 
human breast tissue 3.6x10
-3 
Skin Geerligs et al. 
(2011)121  
In vivo micro indentation testing of 
human epidermis 2.16x10
-3 
Delalleau et al. 
(2008)122  
In vivo suction testing of human forearm 
skin 5.67x10
-6 
Ni’Annaidh et al. 
(2012)123  
In vitro tensile testing of excised human 
skin 83.3±34.9 
There is an extensive body of literature (Table 7,8,9) that has researched the mechanical 
properties of human tissues, which has contributed to our understanding of the composition 
and behaviour of the structural components. There is however a large variance in properties 
present in reported datasets dependant on their testing sites, conditions and measurement 
techniques. 
Cortical bone tissue can be practically considered to be homogeneous in synthetic models due 
to the comparable results exhibited between tests, conditions and locations. The other tissues 
reported greatly inconsistent properties between tests, indicating that they are inhomogeneous, 
anisotropic, viscoelastic and strain rate dependant. 
 Page 41 of 85 
 
The differences apparent between tests conducted in vivo and in vitro are significant which 
most likely indicates inaccuracies in both approaches. Conducting mechanical testing in vivo 
relies on non-invasive methodologies such as suction, indentation, and imaging techniques 
have not been extensively utilised and their accuracy still remains in question. The tests are 
often skewed by the surrounding tissue making it difficult to isolate the properties of the 
particular tissue of interest (e.g. indentation techniques to determine the properties of 
muscular tissue are skewed by the layer of subcutaneous tissue and skin). Whilst in vitro tests 
are conducted with excised human tissue which can be tested to failure but inherently lacks 
the structure and tonicity of live tissue. 
The testing is also typically conducted under static or quasi-static loading conditions, which 
do not account for the behaviour of the tissues under differing strain rates. Dynamic impact 
testing is a particularly pertinent consideration in sports impact scenarios where the human 
body is impacted under rapidly changing conditions. There have been attempts to characterise 
the dynamic behaviour of human tissue100,124-133, however there are issues with the low levels 
of accuracy and reproducibility obtained which suggest that there is insufficient dynamic test 
data to determine the mechanical properties of human tissues at different strain rates.   
Synthetic polymers are typically used to model skeletal components with reinforced 
thermoset resins most often chosen as the preferred biofidelic skeletal simulant. 
Geometrically accurate skeletal components made using a glass fibre reinforced epoxy 
exterior moulded around a polyurethane core are commercially available (e.g. Sawbones). 
The components accurately mimic PMHS performance under static loading conditions134-136.   
Frangible ATD’s commonly use water based gels to approximate muscle tissues. Ballistics 
gelatin is often used as the preferred soft tissue simulant for military applications as it has 
served as an international standard for ballistic wound research137,138. Consequently the FSL 
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used a molten ballistic pigskin gelatin (20% aq. at 10oC) as a muscle tissue simulant36. A 
range of companies also specialise in the commercial development of bespoke simulant 
tissues to tailor to specific medical industry requirements (e.g. SyndaverTM).  Hydrogels are 
used as a preferred soft tissue simulant for medical training (hydrophilic polymer molecules 
that retain a large quantity of water). The chemical formulation can be altered alongside 
levels of water, fibre and salts to change the mechanical and physical properties relative to 
the specific demands of the user. The individual bespoke tissue structures are then validated 
directly against well preserved in vitro human tissue specimens or animals to ensure that they 
behave in a similar manner. 
One of the main issues associated with frangible human tissue simulants, however, is that 
they often require refrigeration to prolong useful storage life and rely on an expert medical 
prognosis from post-test autopsies as the use of PMHS does36,37.    
c) Manufacturing Techniques 
A wide range of manufacturing methods are employed to construct frangible ATDs, largely 
dependent on the materials used. The skeletal component is typically injection or rotation 
moulded around a core or insert representing less dense structures in the tissue (e.g. the FSL 
skeletal components were rotationally spun cast to provide cavities for marrow inserts). 
The muscle tissue simulant is generally injection moulded into a 2-part mould with a detailed 
geometric complexity representing a biofidelic shape and smooth surface finish. Other tissue 
structures such as ligaments, tendons, and skin, which are modelled in some frangible ATDs, 
employ varying construction techniques between surrogates. For example, in the FSL, 
ligaments were modelled using high temperature, high flexibility polyamide glue; tendons 
were simulated using flat and tubular polymeric material at anatomical positions of the 
articulating bones of the knee and the ankle joints; whilst a gel soaked nylon stocking, which 
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fitted over the leg and melted into the superficial layer of gelatin using a paintbrush and hot 
water was used to represent the outer skin tissue. However, the FSL skin simulant has been 
shown to be significantly more fragile than human skin, whilst the soft tissue simulant had a 
low fidelity response to gas penetration and required specific storage requirements36. 
The mechanical complexity of human joints is perhaps impossible to duplicate with current 
manufacturing and materials technology, at least cost effectively. Therefore most frangible 
surrogates typically use simple mechanical approximations. Very sophisticated surrogates 
may attempt to simulate the approximate range of motion at the respective joints using 
different combinations and stiffness’s of materials to create a gross global biofidelity about 
the joint (e.g. the FSL used a high flexibility polyamide glue simulate the support 
experienced at the knee joint).  
d) Instrumentation and Evaluation 
Frangible surrogates are designed to replicate the actual damage mechanisms experienced by 
living humans under similar loading conditions rather than requiring that researchers infer the 
likelihood of damage from the observation of causal phenomena. As a result frangible 
surrogates are evaluated predominantly through autopsy-based procedures to determine 
mechanical damage. However, a lack of detailed internal structures representative of soft 
tissues and organs in surrogates is often an issue and consequently measurements of force or 
acceleration must be utilised to infer rather than observe stresses within a given structure of 
interest2.  Therefore a variety of instrumentation such as load cells, pressure transducers, and 
strain gauges are incorporated and complimented by high-speed imagery. The FSL was 
instrumented with triple rosettes at the mid-shaft femur and distal 1/3 tibia along with a pair 
of uniaxial circumferential strain gauges at the proximal and distal tibia. It also contains Knee 
and heel mounted accelerometers provided information on the ‘crumple zone’ action of the 
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lower leg43. The commercial cost of a single use FSL with instrumentation is approximately 
£2,500. Introducing instrumentation commonly reduces the surrogate’s biofidelity though. In 
the case of the FSL the embedded instrumentation was shown however to create artificial 
stress risers and lead to premature fractures13. 
When considering frangible synthetic surrogates as an appropriate sports surrogate it must be 
noted that similar to durable mechanical surrogates, detailed replication of all tissue 
structures cannot be achieved cost effectively. However an acceptable level of accuracy can 
be obtained with regards to specific exterior human geometries and inertial parameters. 
Frangible surrogates typically possess a greater diversity of human tissue structures than 
durable mechanical surrogates and contain an increased tissue simulant biofidelity. Injuries 
can consequently be assessed at a more detailed tissue level, where specific injury 
mechanisms can be applied to tissue structures. The increased biofidelity of tissue structures, 
however, compromises the durability of the surrogates and hence are single use when subject 
to injurious loads. 
Fundamentally frangible surrogates provide to the sports industry a synthetic PMHS, where 
injurious scenarios can be accurately modelled and actual damage can be visually monitored. 
Within the sports industry from both a logistical and ethical standpoint it is largely preferable 
to avoid usage of PMHS and animal surrogates as they are perceived to reflect negatively on 
the brand. Therefore, a frangible synthetic alternative that provides an accurate description of 
injury is a far superior alternative. 
In sports injury evaluations, the greatest utility of frangible surrogates is through single 
impact injurious testing of complex structures, which cannot be considered in sufficient detail 
using durable mechanical surrogates (e.g. high speed projectile impacts to the torso from a 
hockey ball). 
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2. Computational Models of Human Structures 
The utility of computational models in injury biomechanics research has markedly increased 
in the past few decades. Since their inception139 computational models have become 
important in facilitating accurate determination of human response in impact scenarios2. 
Computational models in injury biomechanics research refer to virtual human surrogates, that 
aim to exhibit a biofidelic impact response when combined with a mathematical description 
of environmental and impact conditions. The human body consists of a series of intricate 
anatomical structures with complex geometries, made up of a variety of interacting 
tissues140,141; computational modelling aims to provide an accurate description of the 
structures, kinematics of joints and the physiological interactions between the tissues7,140.  
They are often used to analyse biomechanical experiments and quantify specific input 
parameters. One of the key advantages of computational modelling in injury biomechanics 
research is that different injury mechanisms can be studied without causing harm to the 
athlete. The virtual nature of the surrogates means that there is no physical material cost 
associated with each model, once formulated, support the exploration of a wide range of 
variable perturbations without physical manufacturing costs or delays. Computational models 
can replace time-consuming and expensive experimental measures and provide a method of 
predicting internal measurable phenomena such as muscular forces142. However the immense 
complexity of the human body continues to make accurate computational modelling 
challenging140 and the development time associated with even a single body segment 
representing a single individual is non-trivial. Where a limited set of observable external 
phenomena are used to validate the accuracy of an increasingly complex set of internal 
phenomena an increasing level of caution is warranted.   
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Computational modelling has a wide range of industrial applications, and is capable of 
performing a diverse series of operations. The operations required of the models differ from 
anatomical representation and external surface tissue deformation (e.g. ergonomics, virtual 
reality, gaming, film industry) to accurate internal and external anatomical and physiological 
modelling (e.g. biomechanics, medical, automotive, military). 
It is widely considered that further development in the field towards more accurate, validated 
models can reduce the requirement for expensive experimental set ups and provide a more 
simple system of manipulating input variables and determining the behaviour of the human 
body in conditions simulating an environment that cause injury12.   
A collated set of desirable attributes for a computational model of a human structure were 
proposed by McKee et al.143 and, it was stated that: inverse dynamics, forward dynamics, 
relevant anatomy and physiology, contact resolution, and relevant performance ranges were 
pertinent considerations for any model. 
1. Inverse Dynamics Simulation 
Inverse dynamics requires body movement parameters to determine muscle excitations. Non-
invasive measurements of body motions such as position, velocity, acceleration, and external 
loads are measured as inputs to calculate muscle force140,144. 
Generally the inputs are collected from data driven approaches which model exterior human 
geometries deformed by the underlying muscle. The approach generally uses range scanning 
techniques or surface skin marker systems to gather profiling data for a given pose94. Force 
measuring in simulation at the human interface with external entities is used to collect 
complementary data (e.g. force plates mounted to the ground are generally used to determine 
ground reaction forces in the gait cycle, as measurement of the isometric muscle effects 
without joint changes remains an issue140). The collected input data is then used alongside 
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known body segment data such as the axes of joints and inertial properties of the segments to 
calculate joint torques144.   
In the human body, the number of muscles spanning a joint is generally more than is 
mechanically necessary to perform the function; therefore a shared joint torque is achieved. 
An optimisation strategy is commonly used to estimate individual muscle function and deal 
with the redundancy in the system. In most cases it is optimised by minimising a force related 
objective function such as the sum of muscle forces or stresses119,145. 
2. Forward Dynamics Simulation 
Forward dynamics involves the use of muscle excitations to determine human movement.  
Muscle activation patterns or muscle forces are used as inputs for the equations of motion, 
which are integrated, resulting in joint torques and motion of the body segments144. The 
resultant system achieved is under-determined therefore muscle forces are optimised to 
determine the required output criteria (e.g. maximal jump height). 
The integration of the equations of motion however, is computationally expensive and time 
consuming, depending on the model complexity; it can take days or even weeks on a modern 
computer to converge. Anderson & Pandy146 used dynamic optimisation to compute the 
activation patterns of muscles, the convergence took nearly 800 hours on a single processor. 
Furthermore many studies use an unrealistic optimisation approach to deal with the 
redundancy of muscles in the system144. In a musculoskeletal model it is important that each 
muscle is characterised accurately and the correct amount of force is attributed to each 
muscle. However in many models the muscle force is restricted to a value between and a 
static maximal force based on the physiological cross-sectional area (PCSA)147-149. Therefore 
muscle force can drop instantaneously from maximal force to zero149-152. Although, excitation 
and activation dynamics actually restrict the transitions in muscle force144. 
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3. Relevant Anatomy and Physiology 
The outcome of a computational model is highly dependent on the quality of the anatomical 
model parameters. The geometry defined from a dataset defines the path of the 
musculotendon complex during a movement. Force generating properties such as optimal 
fibre length, physiological cross sectional area (PCSA), pennation angle and tendon length 
specify the maximal amount of force in the muscle and thus are necessary to accurately 
characterise behaviour144,153. 
A musculoskeletal model should accurately represent the mechanical tissue properties of the 
investigated subject. Discrepancies between the model and the subject lead to inaccurate 
model outputs. One of the main areas where materials data require further characterisation is 
under high strain rate loading conditions as tissue properties change dramatically under these 
conditions12,154. 
Muscle models are generally over simplified by neglecting non-uniformity and irregularity 
that clearly present in the architecture of real muscle specimens. The reason may be due to 
limited availability of data and unknown physiological properties140. For example, in most 
studies the material properties of cortical bone are assumed to be homogenous, while in 
reality they are inhomogeneous155,156. To acquire an estimation of the inhomogeneous 
properties of bone, CT scans are needed.   
Initial determination of muscle parameters was conducted through dissection of PMHS to 
determine the force generating characteristics of the muscle by obtaining properties such as 
muscle mass157-159 and PCSA34. PMHS still have wide applicability and are currently the 
standard measures for characterising muscle architecture within the field160,161.   
Most musculoskeletal models use published generic datasets as the basis for determining the 
anatomical parameters of the computational model. However existing datasets are often 
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incomplete and focus on a specific research field (e.g. Wickiewicz et al.162 reported the 
sarcomere length of 27 muscles in a dataset of the lower extremity together with muscle 
parameters, however not all the muscles in the lower extremity were considered). In other 
studies important parameters such as joint parameters, muscle attachment sites and optimal 
muscle fibre angles are absent. In an ideal scenario, the anthropometric parameters are 
subject specific to account for architectural differences between subjects144. Currently, the 
most frequently used and complete data sets currently being used163,164 were collated from a 
combination of several pre-existing datasets144. It is therefore difficult to conclude whether 
the result is generic representation of a particular demographic or merely a convenient 
‘virtual Frankenstein’s monster’. 
Human volunteers are also still used to characterise external body geometries; Vezin & 
Verriest165 took 50 anthropometric measurements through palpation of anatomical landmarks 
on body segments in order to define the orientation of body segments. However, primarily 
volunteer data only has applicability in movement studies, as only external surface 
parameters can be measured. 
In recent years imaging techniques such as MRI and CT have been used extensively due to 
the improved accuracy of the scans166. MRIs generally have the greatest overall utility as they 
are suitable for simultaneous examination of hard and soft tissues167. The use of MRI’s has 
led to the emergence of more individualised, accurate and detailed musculoskeletal models7. 
The Visible Human Project168 is a human geometry database that included high quality MRI 
data that characterises segments of the human body with 1mm cross sectional slices169. 
However the generated model is only valid in the one measured position and will cause errors 
when extrapolated to other positions144. It should also be noted that the position was prone 
and post-mortem. The major issue with a generic dataset is that it is inherently not 
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individualised and therefore will not accurately represent any individual member of the target 
population8. 
Furthermore, clinical MRI datasets present large amounts of textural information, noise, and 
low resolution artefacts167,170.  Horsman et al.144 stated that muscle parameters such as 
optimal fibre length, sarcomere length and attachment sites are difficult to recognise using 
MRI data. In many cases anatomical modelling also requires significant use and interaction 
and is therefore extremely time consuming171-173.  
One of the key areas for future developments in the field is centred on dynamic imaging 
techniques, which have demonstrated the capability to characterise the internal structures of a 
muscle in real time172,174. There are several dynamic imaging techniques that offer utility in 
computational modelling: dynamic MRI, Phase Contrast MRI and Diffusion Tensor Imaging 
all present the ability to model internal structures in this manner7,175-177. 
4. Contact Resolution 
With any computational model contact issues must be resolved to determine the interaction 
that occurs at the interface between tissues. Contact modelling refers to the study of the 
deformation of bodies. It has long been an active area of research in mechanics178; however it 
has wider usage and applicability within the fields of biomechanics and computer graphics179. 
Contact modelling has been extensively researched over the past few decades180-183, however 
issues still exist particularly in resolving multiple contacts with friction for both rigid and 
deformable bodies184 and thus fast and reliable algorithms for impact and friction remain 
open problems166,179. Consequently, trade-offs must be made between speed, numerical 
stability and accuracy185. 
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In the human body contact problems exist in muscle groups or between muscles and the 
underlying skeleton140. Particular problem areas are joints where cartilage and synovial fluid 
provide friction resistance between joint contact surfaces166. 
Collision detection is the first phase of solving contact problems, before applying collision 
dynamics the potential contacting points or vertices must be checked. There are several 
different factors which influence collision detection; the object geometry is a particular key 
consideration. In general most objects are represented as simple geometric shapes consisting 
of simple elements (i.e. triangles, patches etc.). The elements are checked for proximity 
between each object pair166 using detection methods such as: relative object configuration, 
detection of intersections, distance calculations between objects and boundaries, computation 
of separation distance between colliding objects186. 
The major focus in developing a method for contact problems is on the robustness and 
capability of describing multiple simultaneous contacts and impulsive contacts, and the 
capability of employing resistive forces to avoid body penetrations166. 
5. Relevant Performance Ranges 
The computational model must exhibit behaviour within the human response corridor for a 
given set of inputs and environmental conditions. This must be achieved through controlling 
muscle contraction and/or neural activation. 
The direct measurement of muscle force, however, is impractical due to ethical and legal 
concerns with measuring in vivo muscle forces on humans153,187. Hence the direct validation 
of optimised muscle forces is not possible (e.g. EMG and in vivo measured joint compression 
forces are used for evaluation of the validity of estimated muscle force144). EMG has some 
innate flaws though when measuring muscle force, it provides an indication of whether a 
muscle is active, but it is not considered an accurate measure of the muscular force patterns 
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and magnitudes of force in dynamic movements188.  There are several issues that exist in 
using EMG to represent force: 
i) The Relationship between muscular forces and EMG is non-linear189 
ii) There is a temporal disassociation between the muscle and EMG signals due to electro-
mechanical delay155 
iii) The EMG cannot indicate the contribution of an individual muscle to an observed 
motion188 
iv) Cross talk is often recorded from adjacent  muscles190. 
The ultimate goal of computational modelling in injury biomechanics research is a unified 
model, scalable from consistent geometries with the ability to accurately predict injuries from 
omnidirectional impacts. The rapid advancement in computer technologies shown in the past 
two decades serves as a good indicator of future growth in the area. Development in 
computer hardware and software increases the potential capabilities of future computational 
models154,165. 
Computational models are generally categorised relative to their complexity into the 
following groups: lumped mass models, multi-body models and discrete element models154. 
2.1. Lumped Mass Models 
Lumped mass models consist of concentrated masses connected with massless single 
dimensional springs and Newtonian dashpots2,140. They aim to represent the basic dynamic 
response of a human during an impact. However, lumped mass models are restricted by their 
simplicity and thus have limited application where environmental loading conditions become 
too complex2. 
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Figure 4 - Lumped Mass Model of Human Tendon191 
Muscle Models 
There are two fundamental types of muscle model that are commonly used: a 
phenomenological model192 and a biophysical cross-bridge model193. 
(a) Hill Model 
The Hill model is one of the first mathematical models and is based on systems engineering 
principles. It is used to represent the dynamic properties of a muscle based on experimental 
observations of controlled muscle inputs and outputs (muscle length, load and stimulation)192. 
The model (Fig. 5) consists of a contractile element (CE) which represents the active force 
generating properties of the muscle and elastic elements to represent the passive muscle 
structures; a series elastic element (SEE), which represents the contribution of the tendon, 
aponeuroses and stretch of the cross-bridges connecting the myofilaments; and a parallel 
elastic element (PEE), which represents the passive connective tissue parallel to the 
contractile element144. 
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The model proposed by Hill has been modified and extended most notably by Hatze194 that 
included viscoelastic properties and the influence of fibre length on the muscle activation 
process195. 
The Hill model is often used to predict force, length, and velocity relationships in a 
computationally efficient way and thus has application in movement analysis and muscle 
performance163,196-201. However since it's a descriptive lumped parameter model it cannot be 
used to study microscopic processes in the muscle144,191,195. 
 
Figure 5 - Hill Model 
(b) Huxley Model 
The Huxley model considers the actual molecular structure of the muscle and describes the 
dynamics of the tissue based on the number of cross-bridges193. The model is based on an 
assumed probability of attachment and detachment of the myosin head to the actin filament as 
a function of the stretch of the myosin head144. 
Therefore, using the stiffness of the cross-bridges and the length distribution of each cross-
bridge population, the force in each filament can be determined in time, which sums up to the 
total of muscle force. 
The model results in a good fit with experimental force-velocity curves and is therefore 
suitable to study muscle force transitions. Yet the force-length relation and activation 
dynamics are not described. In addition, a very high computational burden limits its utility 
and has thus far made such models unsuitable for implementation in comprehensive 
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musculoskeletal models144. Huxley models have been mainly used to understand the 
properties of the microscopic contractile elements191. 
Many early lumped mass human body models were based on rigid skeletons202,203 as they 
were straightforward to implement. These models often represented muscles as single lines 
from origin to insertion148,204-206 and used physical models, such as elastic threads attached to 
skeletons to visualise muscle paths207,208. However line segments frequently make inaccurate 
assumptions about how a muscle changes shape as it interacts with the underlying muscles, 
bones, and other structures as joints move and thus do not provide a good representation of 
the muscle7. 
In most models, muscle morphology is greatly simplified and, the muscle is generally 
described by 1-3 muscle elements, when in reality, to accurately describe the mechanical 
effect of a muscle a minimum of 6 muscle elements are required to simulate the pulling 
forces on   bones200,209. More sophisticated muscle attachment simulation may lead to further 
enhancement of muscular force estimation, which in turn may result in more accurate bone 
strain estimation188.   
Other inaccuracies result from the fact that many muscles that curve around intervening 
structures are inaccurately represented; these muscles are defined as straight muscle elements 
which result in inaccuracies in muscle moment arm, length and velocity, which are important 
parameters for the estimation of muscle force144. 
The first dynamic response muscle system was developed by Chadwick et al.210 who linked 
free form deformations (FFDs) to point masses in a mass-spring system. Through using FFD-
based muscle models with a mass-spring system the viscoelastic properties of muscle were 
represented154. However this model is physically unrealistic and its application is primarily 
limited to expressing the bulging effect over joints140. 
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2.2. Multi-Body Models 
A multi-body system consists of a number of interconnected bodies, which can be flexible, 
rigid or a combination of both. These bodies are connected together by means of kinematic 
joints described mathematically by constraint equations188. The motions of the jointed 
elements due to external forces are generated through force-interaction models. 
Multi-body models are used in a wide range of industrial applications (e.g. robots, bridges, 
satellites) as well as bio-dynamical systems (such as human body, animals and insects)188. 
Multi-body human body models are typically more complicated than industrial multi-body 
systems, as human body models require a large variety of joint properties and articulations, 
body forms and complex actuators in the forms of muscles and neighbouring soft tissue211.   
The Hill and Huxley muscle models are used as the predominant basis for describing the 
actions of muscles in multi-body models. The first published human multi-body model was 
developed by McHenry139 for evaluations of vehicle restraint systems and vehicle crash 
responses. The model consisted of a limited number of linkages and joints embedded in the 
software; it was 2-dimensional and had 7 degrees of freedom154. 
In recent years biomechanical models based on multi-body dynamics have been used widely 
in the analysis of human physical activities212. Models have been developed for investigation 
of human function. Anderson & Pandy146and Nagano et al.213 both developed models 
simulating human jumping consisting of rigid body segments and muscular activators whilst 
Delp et al.163 developed a lower extremity rigid body model to study the biomechanical 
consequences of surgical reconstructions188. 
Multi-body software simulation packages have been developed to provide a framework from 
which universal musculoskeletal models can be developed. They have been used since the 
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early 1970’s in general engineering applications using software packages such as ADAMS 
(Automatic Dynamic Analysis of Mechanical Systems) and DADS (Dynamic Analysis and 
Design Software). 
In recent years, software packages have been developed specifically for musculoskeletal 
modelling. SIMM (Software for Interactive Musculoskeletal Modelling)163,214,215,  
Anybody216, Lifemod, and VIMS (Virtual Interactive Musculoskeletal System)196 are some of 
the most widely used software packages. 
SIMM was the first graphics based software for development and analysis of musculoskeletal 
models144. It is a rigid body model that lets users create, alter and evaluate human graphics 
simulation models of almost any musculoskeletal structure188,215. The model has wide 
applicability within the medical industry; it has been used to study the biomechanical 
consequences of surgical procedures217 such as bone reconstructions, joint replacements and 
muscle-tendon surgeries. 
However, simulation software has many limitations, which are primarily based on its 
simplifying assumptions. Each muscle-tendon is defined as path of line segments, which is 
unrealistic for large complex muscles that have several points of attachment. The models 
typically assume that all fibres are the same length for a given muscle-tendon length, which 
may provide an underestimation on the joint angle over which the muscle can produce force.  
They also inherently limited by the biomechanical data on which model parameters are   
based163. 
In general, multi-body models provide an efficient balance of accuracy relative to 
computational costs. They are particularly useful in scenarios where optimisation and 
parameter sensitivity are involved, which would be too computationally expensive to model 
with discrete element models and not presented in sufficient detailed enough using lumped 
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mass models. However, multi-body models are limited by their lack of failure descriptions at 
tissue level, simple approximations of contact forces, and inability to accurately model body 
deformation as they have to rely on interpretation of trauma using structural injury criteria, 
which has been tailored to ATDs not computational models2.   
2.3. Discrete Element Models 
Discrete element models are the most sophisticated and accurate computational models191,218. 
The finite element method (FEM) is a powerful tool for finding approximate numerical 
solutions through transforming partial differential equations into a set of algebraic    
equations141.   
 
 
 
Figure 6 – FE Model of a Human Leg with Simulated Muscles and Ligaments169 
In the FEM the body is divided into a series of finite volumes, surfaces or lines 
interconnected at points called nodes, which together form the model mesh. Most FE models 
are typically displacement based. The displacements and positions of the elements are 
determined by interpolation functions, which are often selected based on their geometry, 
accuracy and computational budget. Stresses are determined through deformations and 
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constitutive properties of the materials modelled. The material models are assigned to each of 
the elements corresponding to the associated tissues to define the mechanical properties140,154.   
Given a dynamic problem to be solved, equilibrium equations are derived in terms of 
quantities of interest (e.g. stress or strain) and are expressed as partial differential equations 
(PDEs). These PDEs are then approximated by the FEM140. 
Finite element models require detailed descriptions of internal and external anatomical 
features to improve their geometrical accuracy219-223. Therefore three-dimensional imaging 
techniques such as MRI and CT are commonly used to characterise accurate datasets188.  
The muscle strains calculated from both the Hill-based models and the Huxley-based models 
are single dimensional, it is therefore difficult to generalise these models for predicting non-
uniform deformation of skeletal muscles with complex 3D geometry and anisotropic 
properties191.  Hence morphological models are generally used to describe more detailed 
musculoskeletal interactions as the models give additional credence to structural 
characteristics191. 
Morphological models consider structural and more complex geometrical aspects of the 
muscle such as aponeuroses and fibre orientation. These models aim to predict muscle 
deformation and the isometric muscle force given the muscle length based on the assumption 
that a muscle has a constant muscle volume during contraction. With the optimal fibre length 
and pennation angle, the force-length characteristics of the muscle can be determined144. 
Consequently FE models have several advantages over simpler model types. They are 
capable of modelling anisotropic, inhomogeneous, non-linear tissues that are present in the 
human body. They are also capable of modelling delineated stress distributions across tissues 
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that allow for injury predictions based on local values of stress and strain and thus are capable 
of determining deformations, forces, pressures, and alignments2,188. 
Muscle models using FEM have been widely researched141,172,218,224,225, however they still 
presents one of the biggest challenges in the field. Several researchers have proposed models, 
with specific focus on replicating muscle shape and its deformable behaviour. For example, 
Yucesoy et al.218 modelled the mechanical behaviour of skeletal behaviour as the interaction 
between the intercellular domain (i.e. muscle fibres) and the extracellular domain (i.e. elastic 
tissue). The domains were modelled with two separate meshes and elastically linked to 
account for the trans-membranous attachments and to permit force transmissions between 
domains.  
Blemker & Delp172 also developed a novel representation of complex muscle geometry and 
architecture. A variation of moment arms of fibres and hyper elastic material properties were 
coupled using the strain energy approach. They demonstrated that different types of 
contraction and effects of muscle geometry and fibre orientation on stress distribution can be 
incorporated into the Huxley model to represent contractile properties of skeletal muscle140. 
Ng-Thow-Hing & Adviser-Fiume222 proposed a more sophisticated model of the human 
soleus muscle based on anatomical and biomechanical considerations. The solid muscle was 
extracted from medical imaging data or cross-sectional sliced images (e.g. Visible Human 
Project) and modelled using volumetric B-splines. While a Hill-based model is employed to 
express the dynamics of muscle fibre, a mass-spring system is used to represent the 
viscoelastic deformation of muscle140. 
In most musculoskeletal models, muscle tissues are represented by viscoelastic materials due 
to the viscous and elastic nature of human biological tissues. The most commonly used 
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materials models are the Maxwell model, the Kelvin-Voigt model, and the Burger model; 
biphasic, poroelastic, and triphasic material models are also used166. 
FE models present the most complex and accurate means of determining human response. 
The ability of models to accurately predict local stresses and strains based on controlled 
external loading conditions is useful in the development of more refined injury threshold 
criteria. In addition, computational models can be tested at sub-injurious levels, which can 
lead to a greater understanding of human response under failure loads154. 
However, one of the major potential limitations of FE models is that they are heavily 
dependent on the quality of the human model with regards to form and material properties; 
this affects the accuracy of the results226. Hence, experimental verification is often considered 
a necessity. 
The computational cost of FE models is another pertinent consideration. Higher order 
interpolation functions and more complex elements require greater computation per element, 
which can be time consuming and costly140,166.  Lin et al.227 reported that a simple elastic 
foundation contact model, will take an average CPU 5-10 minutes for one cycle of dynamic 
simulation, which can be very computationally expensive in an optimisation requiring 
thousands of cycles. Specifically considering the human body, finite element analysis (FEA) 
of a bone is very computationally expensive due to the complex geometry of the structure, the 
fine element meshes and large number of nodal degrees of freedom required. This has meant 
that FEA is typically restricted to a piece of bone or a single bone188. 
Furthermore, due to expensive computation, finite element models usually need to be applied 
in a static or short term dynamic solution, as they are considered computationally impractical 
to be used in dynamic analysis where a number of bones and muscles as well as interactions 
need to be taken into consideration188. 
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For a model to provide accurate information it must be validated against experimental data, 
however currently there is insufficient data available from organic surrogates to fully validate 
the models and thus their response patterns may be inaccurate and unrepresentative of human 
behaviour12,140,144,154. Furthermore much of the data used to validate existing models was not 
acquired for the purposes of validation and therefore likely have inherent differences in the 
experimental protocol154. Therefore, complex simulations must rely on assumptions and 
simplifications to deal with the nondeterministic nature of the equations driving the    
dynamics228.   
Specific areas where data are lacking concern physiological responses of the human body 
such as the activation range of muscles, fatigue, and muscle tonicity, which cannot be gained 
from PMHS data140,165.  
Crandall et al.2 has expressed these problems succinctly when he states “At best FE models 
approximate human response based on a set of simplifying assumptions.  At worst they 
provide an accurate representation of inaccurate data if proper procedures for verification and 
validation are not followed”. 
When considering computational models as an appropriate sports impact surrogate it is to be 
noted that they have the theoretical capability to embody all of the sports specific surrogate 
requirements. Computational models can potentially have highly biofidelic external human 
geometries and given appropriate material models and data all major tissue structures can be 
modelled and evaluated at tissue level, and the surrogate is designed for repeat impact as no 
physical damage is incurred through trials, all feedback can be obtained without affecting the 
biofidelity of the surrogates. 
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One of their great advantages is that they can potentially simulate very complex scenarios, 
with many interacting tissues and environmental conditions. They also have no physical 
material cost and hence permit easy manipulation of variables. 
However, there are practical limitations associated with their use. Constructing the model is 
time consuming and the computational cost severely restricts their application. Generally this 
is so substantial that trials are limited to small body segments or single tissue structures. The 
lack of validation data also severely restricts confidence in the accuracy of the predictions. 
The greatest utility of computational models in sports injury evaluation is through the ability 
to model complex structures and loading conditions. Without more extensive verification 
their main use at this time is perhaps not so much to provide absolute values but to explore 
and so better understand the potential interaction of complex structures and multiple 
phenomena. In studies which utilise complex geometries of strikers, targets and PPE, they are 
important in providing a good approximation of general human behaviour.   
III. CONCLUSIONS 
Surrogate models of human subjects are required for impact evaluation of PPE and 
determination of injury mechanisms. Considering the requirements for a surrogate of this 
type, it is important that it embodies the same size and shape as the target human, whilst 
responding consistently to repeat impacts and providing feedback from which to evaluate 
injuries. 
Each type of surrogate has its individual merits and specific applications where it is 
particularly important in sports impact scenarios. In general, every type of surrogate 
discussed is useful in gaining a fuller understanding of the conditions experienced in a sports 
impact injury event and the subsequent behaviour of the human target body. 
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Organic surrogates are inherently poor candidates for an impact surrogate as they are 
biological and hence not durable enough to withstand repeat injurious loads without 
degradation in tissue properties. The consistency and repeatability of responses are a key 
requirement in sports impact testing; this cannot be achieved using organic surrogates. The 
ethical and logistical constraints associated with testing organic surrogates also complicate 
matters and limits their utility as a primary impact surrogate. 
Organic surrogates are however useful in the validation of artificial substitutes, providing key 
human behavioural response data that is used in the development of surrogate human tissues, 
determining specific physiological information that cannot be obtained with artificial 
surrogates. 
Using human volunteers, there remains some scope to conduct useful PPE performance 
testing where steps are taken to minimise the risk of injury. There is some limited opportunity 
to further explore tissue responses in living humans where permanent or severe injury risks 
are kept to an ethically acceptable minimum. For the most part though, these activities will 
support research beyond safe loading thresholds using other surrogate technologies or 
approaches. 
Animal surrogates have no foreseeable application in the injury and PPE evaluation domain. 
Given the high profile fashion conscious arena in which many brands operate there is no 
appetite to engage in PPE evaluation or tissue studies requiring experiments on animals. 
PMHS similarly present many ethical issues. For injury and PPE evaluation, they provide the 
closest representation of human tissue structures and geometries and hence enable the 
determination of material properties and selection of a human tissue material simulant for 
synthetic or virtual surrogates but similar to animal surrogates many brands are unlikely to 
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engage directly in testing activities with surrogates of this type which may be perceived 
unfavourably by their customers.  
Artificial surrogates present a preferable solution for experimental impact testing as studies 
can be performed without harming the participants. Although they inherently lack many of 
the tissue complexities and biofidelity present in organic surrogates, artificial surrogates 
provide a consistent, repeatable means of determining human response.   
Computational models are useful in that they are capable of modelling complex scenarios 
where there are many variables and environmental conditions influencing the subject. There 
is also no physical material cost and as such are flexible and permit manipulation of variables 
without having to fully reproduce the model. They are particularly useful in sports 
applications where specific design optimisations can be evaluated before prototypes are 
manufactured. They are also useful in enhancing understanding into performance phenomena 
and unobservable equipment and surrogate interactions at levels of detail beyond what can be 
physically measured. 
However, to model a complex piece of anatomy and detailed environmental conditions (e.g. 
human lower leg for football stud impacts) the computational expenditure to solve the model 
is very high. This introduces large initial capital costs for equipment to cater for this.  Despite 
their potential complexities, computational surrogates are undermined by the quality of the 
input data, particularly material models, which often negates any theoretical advantage.   
On-going research and development of more detailed structurally sophisticated models with 
superior material models and software and hardware capable of handling the associated 
computational burden in a time and cost effective manner will, in time, result in greater use in 
the leading brand PPE domains (e.g. footwear). 
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Synthetic surrogates provide a physical body that can be used to attach PPE and a means of 
determining effectiveness of the garment and measures of injury evaluation through 
instrumentation and feedback mechanisms that can be linked to specific injury outcomes. 
They are often used to either to validate computational models or where the computational 
capacity required and the expertise to undertake the analysis is too expensive. 
For the testing of PPE and exploration of injury below catastrophic or permanent levels 
durable mechanical surrogates are the most likely to provide a cost effective platform for 
future research and development. Greater sophistication with regards to the materials and 
structures are required to model subtler, more sensitive injury types. Scenarios where repeat 
impact testing is necessary (e.g. cyclic fatigue testing of a garment of PPE) dictate that a 
mechanical surrogate would be required to provide a consistent and reliable response to 
impact without degradation in the surrogate’s properties through its useful life. Standardised 
PPE acceptance testing is also a pertinent consideration in many industries; this requires a 
consistent testing medium.  
Frangible surrogates should be considered in impact scenarios likely to result in permanent 
injury where it is necessary to use a greater complexity of tissue structures and biofidelity in 
response (e.g. head injuries in cricket, or knee injuries in snow sports). The increased severity 
of these injuries means that the increased cost associated is often a necessary compromise. 
The failure of synthetic and virtual surrogates should not be either/or solutions but rather as 
complementary tools that together promote confidence in a deeper analytical complexity 
through thorough practical evaluation. Through a parallel cyclic development of both model 
types it is possible to develop a greater understanding of injury phenomena. For example, 
computational models run design optimisations for synthetic models that provide a fast and 
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effective method for determining the accuracy of parameters, whilst synthetic models provide 
a method of physically validating parameters for virtual surrogates. 
The idealised solution for a impact surrogate will involve a fully validated set of 
computational and synthetic models which provide kinetic and kinematic feedback of the 
injury event which can be directly linked to specific injury mechanisms. The progression 
towards more biofidelic models should be staged and consider advancement through 
predetermined levels of complexity, which are constantly validated. Specific focus must be 
placed on human tissue characterisation and determination of synthetic tissues and material 
models that represent their properties under impact conditions (e.g. tensed, fatigued muscle).  
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